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Outline of the talk 

• Definition of scales in typical event 

• Brief overview of fixed order calculations 

• Discussion of MC uncertainties: 

• Scale variations in parton showers 

• Matrix Element (ME) - Parton Shower (PS) 
 matching scale  

• Color reconnection 

• b-jet fragmentation 

• Flavor response 

• Decay tables 

• Underlying event  

• Summary and outlook
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Definition of scales in a typical event
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Hard process: 
O (1 TeV)

Parton shower 
O (1 TeV - 1 GeV) 

Full event description includes: 
  
Initial state parton shower

Signal process (hard interaction)

Final state parton shower

Fragmentation

Hadron decays

Beam remnants

Underlying event


O (1 TeV) O (1 TeV-10 GeV)O (1 TeV-10 GeV) O (1 GeV)O (1 GeV)

perturbative non-perturbativenon-perturbative
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Status of fixed order generators
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• NLO revolution facilitated the computation of cross section at NLO accuracy, widely used in CMS (MadLoop/
Openloops)


• Need even higher precision to match LHC data (e.g. WW cross section)


• Several methods for NNLO computation exist 


• Different approaches exist for canceling divergences, current goal to have 2 → 3 NNLO results by beginning of HL 
LHC (included in the Yellow Report)


• NNLO = “2-loop virtual” + “real-virtual” + “double real” (Gregory Soyez’s talk)


• Computationally intensive


• Merging/matching:


• Defines the cusp of fixed order computation (at NNLO/NLO/LO, hard scales) and parton shower
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2016 sample 
generationQ. Li,  

A. Grohsjean

https://arxiv.org/abs/1902.04070
https://indico.cern.ch/event/856696/contributions/3722368/attachments/2044729/3425274/event-generators.pdf
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Comparison of the pT spectra of 
hadronically decaying top-quarks
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• Compare predictions at parton level (top 
quarks are defined as signal before decay, 
no phase space restriction) 


• Measured pT spectra of th (and tl) softer than 
predicted by PYTHIA8 based parton shower 
models (trend slightly more pronounced for 0 
< |y(th)| < 0.5)


• NNLO QCD+NLO EW (mt = 173.3 GeV) 
calculation also predicts are harder 
spectrum


• Rapidity (y), pT (tt), y(tt), M(tt) distribution in 
agreement with data at parton level 


• Particle level (computed using 
experimentally accessible quantities) trends 
more pronounced than at the parton level 
(albeit similar)


• NNLO QCD+NLO EW calculation predicts a 
higher-average M(tt) spectrum than 
observed in data

 

TOP-17-002
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https://arxiv.org/pdf/1705.04105.pdf
https://arxiv.org/pdf/1705.04105.pdf
https://arxiv.org/pdf/1803.08856.pdf
https://arxiv.org/pdf/1803.08856.pdf


• Description: 

• Ascertain uncertainty stemming from choice of renormalization (μR) and 
factorization (μF) scales


• For a top sample, these are set to the transverse mass mT = √ (mt2 + pT2) of the 
top quark, where mt = 172.5 GeV


• Prescription: 

• Envelope computed by varying μR, μF individually and by correlating them


• For template fits uncertainty may be taken as nuisance parameters


• Uncertainty uncorrelated between QCD-induced (tt) and EWK-induced (single 
top) processes  

Matrix element renormalization and 
factorization uncertainties
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Systematic Scale Variation

ME μR / μF μR

μF

Vary by factor of 2 

Vary by factor of 0.5 

!6

Specifically for 
POWHEG samples



Various sources of systematic uncertainties 

Systematic Uncertainties in the 
top sector
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• PYTHIA is used as default MC for modeling parton showers

• Samples with Powheg+Herwig++ and Powheg+Herwig7 produced

• Modeling differences serve as cross check, not quoted as systematic uncertainty

https://twiki.cern.ch/twiki/bin/
viewauth/CMS/TopSystematics 

B. Stieger
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https://twiki.cern.ch/twiki/bin/viewauth/CMS/TopSystematics
https://twiki.cern.ch/twiki/bin/viewauth/CMS/TopSystematics
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Systematic uncertainties arising from 
scale variations in the parton shower

• Description: 

• Uncertainty arising out of the scale Q2 at which the strong coupling constant (αs) is 
evaluated


• Estimated by varying the renormalization scale for QCD emissions in initial-state and 
final-state radiation (ISR and FSR)


• Variations encompass NLO compensation terms to preserve soft gluon limit


• Typically one of the largest sources of systematic uncertainty


• Prescription: 

• Event weights encompass these variations


• Vary renormalization scale (μR) by 0.5 and 2 (code snippet)
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https://arxiv.org/pdf/1605.08352.pdf
https://github.com/cms-sw/cmssw/blob/1d517cc3ed9bb410dc82614f9be4a20c9dea3f37/Configuration/Generator/python/PSweightsPythia/PythiaPSweightsSettings_cfi.py
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Decorrelating systematic uncertainties arising 
from scale variations in the parton shower

• For template fits, need to decorrelate splittings at unrelated scales (e.g gluon splittings in ISR 
(μR~m+pT) and q → qg in weak decays where μR~mZ)


• Applies to ISR in the parton shower


• Scale variations for different splitting types independently (using options in PYTHIA8): 


• g → gg


• g → qq


• q → qg


• x  → xg where x is b, t UncertaintyBands:nFlavQ = 4 


• Weights corresponding to each of these variations available (code snippet)


• For a discussion on the need for NLO compensation terms (O (αs2)) in the soft gluon emission 
limit, look at M. Seidel’s talk 
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https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/PSweightsPythia/PythiaPSweightsSettings_cfi.py
https://indico.cern.ch/event/827858/contributions/3481141/attachments/1870432/3077610/psuncertainties_mseidel.pdf


• Description: 

• The matrix element-parton shower matching scale error is estimated by varying the hdamp parameter


• The POWHEG generator scales the cross section for real emissions by a damping function 
 hdamp2 / (pT2 + hdamp2) which drives the hardness of the real emission (regulates the high-pT radiation)


• Prescription: 

• The damping variable hdamp is set to 1.379*mtop, a value derived from data at √s = 8 TeV in the dilepton 
channel using a similar ME calculation and assuming the CP5 tune


• For the CP5 tune hdamp = (1.379+0.926-0.5052)*mtop variations are considered 

Systematic uncertainties arising from 
ME-PS matching scale
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TOP-16-021 

CP5 plots not 
public yet
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https://cds.cern.ch/record/2235192/files/TOP-16-021-pas.pdf
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Systematic uncertainties arising from 
color reconnection

• Description: 

• Color reconnection reconfigures color strings after parton shower 

• Color reconnection model based on modeling of multiple parton interactions. PYTHIA8 includes: 


• MPI-based modeling assigns a probability to each parton pair to reconnect with a harder system 
high pT → less likely to be color connected


• pTRec is a regularization term prevents divergence of partonic cross sections at low pT, R is a 
parameter 


• QCD inspired model includes minimization of string length in addition to QCD color rules. 
Determines color-compatibility of two strings iteratively. Causally connect produced strings through a 
string length measure (λ)


• m0 parameter determines whether a connection is favored, E = energy 


• Gluon move model: Iteratively move each final-state gluon from a “string piece” of partons to 
another. Naive model does not include quark reconnection, implemented by including a “flip” 
mechanism (move quarks as well) 

P =
p2TRec

p2TRec
+ p2T

<latexit sha1_base64="To7lEIU9IhC/6rLEbVFLg4LnhzE=">AAACLnicdVBbS8MwGE29znmr+uhLcAiCMNoxUB+EoQg+TtkN1jrSLN3CkrYkqTBKf5Ev/hV9EFTEV3+G6dYH3fRAyOGc85F8x4sYlcqyXo2FxaXlldXCWnF9Y3Nr29zZbckwFpg0cchC0fGQJIwGpKmoYqQTCYK4x0jbG11mfvueCEnDoKHGEXE5GgTUpxgpLfXMqzo8h44vEE6iXuIInjTS6X1LcJqmd5X0PwMeQ+00skjPLFllawI4T+yclECOes98dvohjjkJFGZIyq5tRcpNkFAUM5IWnViSCOERGpCupgHiRLrJZN0UHmqlD/1Q6BMoOFF/TiSISznmnk5ypIZy1svEv7xurPxTN6FBFCsS4OlDfsygCmHWHexTQbBiY00QFlT/FeIh0t0p3XBRl2DPrjxPWpWyXS2f3VRLtYu8jgLYBwfgCNjgBNTANaiDJsDgATyBN/BuPBovxofxOY0uGPnMHvgF4+sbxhiqOA==</latexit>

p2TRec
= R · pT0

<latexit sha1_base64="hgxLo0Mg84kpbYu7h1KEnimq824=">AAACFHicbVBLSwMxGMzWV62vVY9egkUQhLJbCupBKHrxWEtf0F2XbDZtQ7MPkqxQlvwIL/4VLx4U8erBm//GtN2Dtg6EDDPzkXzjJ4wKaVnfRmFldW19o7hZ2tre2d0z9w86Ik45Jm0cs5j3fCQIoxFpSyoZ6SWcoNBnpOuPb6Z+94FwQeOoJScJcUM0jOiAYiS15JlniZc5PMxaan43CVZK3VfhFWxCBwexhDrR8jJLKc8sWxVrBrhM7JyUQY6GZ345QYzTkEQSMyRE37YS6WaIS4oZUSUnFSRBeIyGpK9phEIi3Gy2lIInWgngIOb6RBLO1N8TGQqFmIS+ToZIjsSiNxX/8/qpHFy4GY2SVJIIzx8apAzKGE4bggHlBEs20QRhTvVfIR4hjrDUPZZ0CfbiysukU63YtcrlXa1cv87rKIIjcAxOgQ3OQR3cggZoAwwewTN4BW/Gk/FivBsf82jByGcOwR8Ynz+7x56e</latexit>
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Systematic uncertainties arising from 
color reconnection

M. Seidel

CR 

Colour Annealing — A Toy Model of Colour 
Reconnections: M. Sandhoff , P. Skands 

Spatial diagrams after 
annihilation, production 

point at the origin 


Original topologies Reconnected version
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Systematic uncertainties arising from 
color reconnection

• Prescription: 

• Analyzers advised to implement all three models 
of color reconnection (CR):


• MPI based tune with early resonance decays 
on (ERDon), ‘PartonLevel:earlyResDec 
= on’ (Early Resonance Decay = off 
(on): top quark (decay products) can color 
reconnect to other partons)


• QCD-inspired (CR1): code snippet   


• Gluon move (CR2): code snippet


• Largest difference between these variations w.r.t 
the nominal is used to assess the uncertainty 


• CR tunes correlated with underlying event (UE) 
tunes: need to quantify this uncertainty since UE 
parameters simultaneously tunes with CR model 
parameters ’qq
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https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/MCTunes2017/PythiaCP5CR1TuneSettings_cfi.py
https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/MCTunes2017/PythiaCP5CR2TuneSettings_cfi.py
https://arxiv.org/pdf/1805.01428.pdf
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Systematic uncertainties arising from 
b-fragmentation

• Description: 

• b-fragmentation refers to the momentum 
transfer from the b-quark to the B hadron


• Tuned using LEP/SLD data 


• Fragmentation function of heavy quarks 
includes Bowler modification to the Lund string 
model and is set to 0.895 (rb) (CUETP8M2T4 
tune) with variations between (0.184 - 0.197) 
w.r.t the default value 


• Prescription: 

• Top mass measurements in Run I applied the 
following reweighting to the transfer function to 
encompass effects on kinematics of b-jets: xb 
= pT(B)/pT(b-jet)

f(z) / 1

z1+r·bm2
?
(1� z)a exp

✓
�bm2

?
z

◆

<latexit sha1_base64="bUI2lcvFCt2AJpql/ZtIU7j64zQ="></latexit>

m2
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r(rb, rc) 2 [0, 1]
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http://home.thep.lu.se/~torbjorn/pythia82html/Fragmentation.html
http://home.thep.lu.se/~torbjorn/pythia82html/Fragmentation.html
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Systematic uncertainties arising from 
flavor response

• Description: 

• Applicable to analyses sensitive to different jet 
responses for gluon, light quarks, c and b-quarks


• Response refers to detector level response which 
can vary based on generator level descriptions 


• Uncertainties assessed after jet energy 
corrections have been applied 


• Data is replaced with HERWIG and miscalibration 
of each flavor checked in HERWIG wrt to the 
default PYTHIA description


• For b-jets, Z+b has been used for cross checks


• Prescription: 

• The parton flavor truth information is used to vary 
the jet energy corrections for each of the 4 flavors 
(g, q, c, b)


• Uncertainty based on the difference in yields from  
these variations
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Jet

https://arxiv.org/abs/1607.03663
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Systematic uncertainties arising from 
decay tables

• Description: 

• The semi-leptonic branching ratio of 
B hadrons may significantly change 
the b jet energy response


• Can lead to a shift in the visible b-jet 
energy


• Prescription: 

• The b-jets are reweighted based on 
variations of the BRs using the 
generator level truth information


• Uncertainty assigned based on 
envelope of PYTHIA8 and PDG value 
for semil-leptonic B-hadron decays 
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Description of the underlying event (UE)

• UE defined as activity not associated with 
particles originating from the hard scatter of two 
partons. Generally studied in events that 
contain a hard scattering with pT ≳ ︎ 2 GeV 


TransverseTransverse

Away

Toward

Leading object 
direction

Leading object defined on an event-by-
event basis


Φ regions relative to the leading object 
that are sensitive to the underlying event 


Azimuthal separation between charged 
particles and leading object ΔΦ = Φ - Φmax 
used to define sensitive regions

| ΔΦ | < 1200

| ΔΦ | ≤ 600

600 < | ΔΦ | ≤ 1200
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Validation of the underlying event (UE) tunes  
in top events
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[Slight detour]• Description of CMS tt data with new PYTHIA 8 tunes 


• ME configurations use NNPDF3.1 NNLO PDF with αs(mZ) = 0.118 and mtop = 172.5 GeV


• hdamp is set to 1.379*mtop

https://arxiv.org/pdf/1903.12179.pdf
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Modeling of the underlying event (UE) in 
Z+jets events

GEN-17-001  
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• Validation of UE tunes in events with a Z-boson


• In Drell-Yan events events studied in invariant mass window of 81-101 GeV around the Z-
peak

https://arxiv.org/pdf/1903.12179.pdf
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Systematic uncertainties arising from 
the modeling of the underlying event (UE)

• Description: 

• To study the differences between the nominal CP5 tune and the up/down variations of the 
CP5 tune 


• Implemented in dedicated MC samples quoted as the UE uncertainty


• Prescription:  

• The variations of the tune described in GEN-17-001 and can be found in the following code 
snippets:


• Nominal: code snippet


• Up: code snippet


• Down: code snippet


• Uncertainty is correlated across years and processes
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https://arxiv.org/abs/1903.12179
https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/MCTunes2017/PythiaCP5Settings_cfi.py
https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/MCTunes2017/PythiaCP5TuneUpSettings_cfi.py
https://github.com/cms-sw/cmssw/blob/master/Configuration/Generator/python/MCTunes2017/PythiaCP5TuneDownSettings_cfi.py
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Relative contribution of the uncertainties
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• Uncertainties assessed by prescriptions outlined on previous slides 


• hdamp is set to 1.58*Mtop (data set corresponds to 2016 data taking which included 
CUETP8M2T4 tune)

!21

Measurement of differential cross sections for the production of 
top quark pairs and of additional jets in lepton+jets channel TOP-17-002

https://arxiv.org/pdf/1803.08856.pdf
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Relative contribution of the uncertainties

Simultaneous measurement of the top quark mass (mt) and 
cross section (σtt) in dilepton top events
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MC statistical Pre-fit uncertainty

TOP-17-001

!22

dmhyb
t [GeV]

all-jets `+jets combination
Experimental uncertainties
Method calibration 0.06 0.05 0.03
JEC (quad. sum) 0.15 0.18 0.17
– Intercalibration �0.04 +0.04 +0.04
– MPFInSitu +0.08 +0.07 +0.07
– Uncorrelated +0.12 +0.16 +0.15
Jet energy resolution �0.04 �0.12 �0.10
b tagging 0.02 0.03 0.02
Pileup �0.04 �0.05 �0.05
All-jets background 0.07 � 0.01
All-jets trigger +0.02 � +0.01
`+jets background � +0.02 �0.01
Modeling uncertainties
JEC flavor (linear sum) �0.34 �0.39 �0.37
– light quarks (uds) +0.07 +0.06 +0.07
– charm +0.02 +0.01 +0.02
– bottom �0.29 �0.32 �0.31
– gluon �0.13 �0.15 �0.15
b jet modeling (quad. sum) 0.09 0.12 0.06
– b frag. Bowler–Lund �0.07 �0.05 �0.05
– b frag. Peterson �0.05 +0.04 �0.02
– semileptonic b hadron decays �0.03 +0.10 �0.04
PDF 0.01 0.02 0.01
Ren. and fact. scales 0.04 0.01 0.01
ME/PS matching +0.24 �0.07 +0.07
ME generator � +0.20 +0.21
ISR PS scale +0.14 +0.07 +0.07
FSR PS scale +0.18 +0.13 +0.12
Top quark pT +0.03 �0.01 �0.01
Underlying event +0.17 �0.07 �0.06
Early resonance decays +0.24 �0.07 �0.07
CR modeling (max. shift) �0.36 +0.31 +0.33
– “gluon move” (ERD on) +0.32 +0.31 +0.33
– “QCD inspired” (ERD on) �0.36 �0.13 �0.14
Total systematic 0.70 0.62 0.61
Statistical (expected) 0.20 0.08 0.07
Total (expected) 0.72 0.63 0.61

Measurement of the top mass in all-jets final 
state and combination with lepton+jets channel

TOP-17-008

Does not show the effect of 
variation of the top pT directly; 
shows the uncertainty in the 
unfolding 

https://arxiv.org/abs/1812.10505
https://arxiv.org/abs/1812.10534
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Summary and outlook

• Presented a brief overview of MC uncertainties 
accounted for in precision analyses


• Includes description and studies of tunes, 
underlying event modeling 


• The relative contribution of uncertainties discussed


• Next steps/wish list?  

• Understand performance of 
POWHEG+HERWIG++ that overestimates the 
radiation of additional jets close to the jets in 
the tt system  

• Next to leading log (NLL) parton shower 
description?

!23
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Additional Material
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1) For theorists to get an idea of what the relevant questions are in current and future experiments. For example 
    a) are perturbative scale uncertainties dominant or sub-dominant? QCD vs EW? 
    b) how are parton shower resummation uncertainties estimated? how important are they? 
    c) how do you deal with uncertainties related to heavy flavor or more generally identified particle production? 
    d) how are hadronization uncertainties assessed? how important are they when parton shower is treated separately? 
    c) what are the most problematic analyses when it comes to MC uncertainties? 
    d) ... 
  
2) For experimentalists to get an idea what we realistically can achieve, based on solid theory. For example 
    a) reduction of perturbative uncertainties within the foreseeable future, based on current pQCD technology 
    b) improvements on resummation, both analytic and parton shower, and what impact to expect from this 
    c) calculation /  simulation of heavy flavor / identified particle production and related uncertainties 
    d) uncertainties in hadronization models and how to assess them without playing herwig vs PYTHIA 
    e) ...

Use of Monte Carlo Generators in CMS

!25



• Defines the cusp of fixed order computation (at NNLO/NLO/LO, hard scales) and parton 
shower

Status of fixed order generators:
Merging and matching scales

Snowmass EF05 Precision QCD Meeting Saptaparna Bhattacharya!26



Snowmass EF05 Precision QCD Meeting Saptaparna Bhattacharya

HERWIG vs. PYTHIA

!27
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Search for heavy Higgs bosons decaying to a  
top quark pair 

https://arxiv.org/abs/1908.01115

Uncertainty (# of parameters) Type Affected process Correlation
Jet pT scale (19) shape All All
Jet pT resolution shape All All
Unclustered pmiss

T shape All All
btagging heavy-flavor jets shape All All
btagging light-flavor jets shape All All
Pileup shape All All
Electron identification shape All All
Muon identification shape All All
Single-electron trigger shape All e, ``
Single-muon trigger shape All µ, ``
Luminosity calibration norm. All All
Renorm. scale SM tt shape SM tt All
Fact. scale SM tt shape SM tt All
Parton shower FSR tt shape SM tt All
hdamp shape SM tt All
Top quark mass shape SM tt All
Top quark pT (2) shape SM tt All
PDF (3) shape SM tt All
Renorm. scale res. signal shape Resonant signal All
Renorm. scale int. signal shape Interference signal All
Fact. scale res. signal shape Resonant signal All
Fact. scale int. signal shape Interference signal All
SM tt norm. norm. SM tt All
Single top t channel norm. norm. Single top t channel `

Single top s channel norm. norm. Single top s channel `

Single top tW channel norm. norm. Single top tW channel All
W + jets norm. norm. W + jets `

Z/g⇤ + jets norm. norm. Z/g⇤ + jets `

Z/g⇤ + jets norm. from data norm. Z/g⇤ + jets ``

Diboson norm. norm. Diboson All
ttV norm. norm. ttV All
QCD multijet norm. from data, e norm. QCD multijet e
QCD multijet norm. from data, µ norm. QCD multijet µ

MC statistical uncertainty (365) shape All No

!28
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Relative contribution of the uncertainties

• Simultaneous measurement of the top quark 
mass (mt) and cross section (σtt) in dilepton 
top events

DY ME scale 
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CMS  (13 TeV)-135.9 fb

Modelling uncertainties Normalized pull Fit constraint

MC statistical Pre-fit uncertainty

Source Uncertainty [%]

Trigger 0.4

Lepton ident./isolation 2.2

Muon momentum scale 0.2

Electron momentum scale 0.2

Jet energy scale 0.7

Jet energy resolution 0.5

b tagging 0.3

Pileup 0.3

tt ME scale 0.5

tW ME scale 0.7

DY ME scale 0.2

NLO generator 1.2

PDF 1.1

mMC
t

0.4

Top quark pT 0.5

ME/PS matching 0.2

UE tune 0.3

tt ISR scale 0.4

tW ISR scale 0.4

tt FSR scale 1.1

tW FSR scale 0.2

b quark fragmentation 1.0

b hadron BF 0.2

Colour reconnection 0.4

DY background 0.8

tW background 1.1

Diboson background 0.3

W+jets background 0.3

tt background 0.2

Statistical 0.2

Integrated luminosity 2.5

MC statistical 1.2

Total svis

tt
uncertainty 4.2

Extrapolation uncertainties

tt ME scale ⌥0.4

<0.1

PDF ±0.8

0.6

Top quark pT ±0.2

0.3

tt ISR scale ⌥0.2

<0.1

tt FSR scale ±0.1

UE tune <0.1

mMC
t

⌥0.2

0.3

Total stt uncertainty
+4.3

�4.2

TOP-17-001

!29

https://arxiv.org/abs/1812.10505
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Systematic uncertainties arising from 
the modeling of the underlying event (UE)

POWHEG+PYTHIA8 CUETP8M1
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• Prescription: 

• The differences between the nominal CP5 tune and the up/down variations of the CP5 tune 
implemented in dedicated MC samples quoted as the UE uncertainty
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GEN-17-001  

!30

https://arxiv.org/pdf/1903.12179.pdf
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Description of underlying event tunes

GEN-17-001  

!31

https://arxiv.org/pdf/1903.12179.pdf
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Precision Physics with Multibosons (W+W-)

q
W

±

W
⌥

Z/�q̄

OWWW ,OW ,OB

Figure 1: One of the Feynman diagrams through which six-dimension elec-
troweak operators modify the pp ! W

+
W

� cross section.

found in [REF]. The current PDG limits on the coupling constants of CP-
preserving higher-dimensional operators, as well as the limits from the CMS
7TeV WW analysis in the fully leptonic final state, can be found in table 1.

Operator PDG limit (TeV�2) CMS 7TeV WW ! 2`2⌫ (TeV�2)
cWWW (via ��) [-9.7, -0.7] [-11.3, 11.3]
cWWW (via �Z) [-35.2, -5.7] -
cW (via g

Z
1 ) [-8.7,0.5] [-22.8, 22.8]

cW (via � ,Z) [-34.5,-3.9] -
cB (via � , g

Z
1 ) [-15.3,12.3] [-68.8, 71.9]

cB (via Z , g
Z
1 ) [-3.1,135.4] -

cB (via � ,Z) [-35.2,-5.7] -

Table 1: Current limits at 95% C.L. on the coupling constants of CP-preserving
six-dimensional operators (see eq. (1)). The limits were set using the aTGC
approach and translated into the EFT approach using the results from [REF]).
When limits from �WW and ZWW anomalous trilinear gauge couplings exist,
they are given separately.

2 Signal simulation

We use MadGraph5 version 2.1.2 with CTEQ6L1 PDF set for signal genera-
tion. Although MadGraph is a leading-order generator, it is well suited for this
study since it can re-calculate the invariant amplitude with di↵erent coupling
constant hypotheses for the 6-dimensional operators in each phase-space point
simulated. It can also includes the real contribution from NLO (WW + 1jet)
using a MLM-matching approach. Further QCD jets are generate via shower-
ing. Showering and hadronization of the events are made with pythia version
6.2. The showering and hadronization uses the Z2⇤ tune, and matching uses
the same configuration as in the o�cial pp ! W

+
W

�
! 2`2⌫ sample.

To each event, 108 weights are assigned which correspond to three 6 ⇥

6 grids in cWWW ⇥ cW , cWWW ⇥ cB , and cW ⇥ cB . We used equal bins
between [�50, 50] TeV�2 for cWWW /⇤2 and cW /⇤2, and equal bins between

2

• Diboson production, W+W-, occurs at the 
LHC via s-channel, t-channel (dominant), 
sub-dominant gg → W+W-


• Allows for precise tests of the SM 

• Important background in many New 
Physics (NP) searches 

• Pursued in both CMS and ATLAS 

• ATLAS: Cut based analysis in 0 jet bin


• CMS: Two different complementary 
search strategies designed to reduce top 
and Drell-Yan backgrounds explored:


• sequential cut based analysis (in 0 and 
1 jet bins) 

• Random forest classifier trained on 
simulated events (incl. njet ≥ 2)

s-channel process could acquire 
contributions from higher dimensional 

operators 

Analysis performed in oppositely 
 charged leptonic final state


l±
ν

l∓

ν

Higgs → W+W- considered:

• background (CMS)

• signal (ATLAS)
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Using the Random Forest Discriminator

• Background contributions reduced by using novel method:  

• Random Forest discriminator


• Independently trained collection of binary decision trees  


• Score defined as combination of decisions of each tree 

• Uses all jet categories
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Systematic Uncertainties

• Event selection in jet binned category 
(cut based analysis): sensitive to 
higher order QCD corrections  


• Ascertained by varying factorization 
and renormalization scales (in some 
cases pT- resummation technique 
used)


• Additional theoretical uncertainties 
arise from αs, PDFs

Uncertainty source (%)

Statistical uncertainty 1.2

tt normalization 2.0

Drell-Yan normalization 1.4

Wg⇤
normalization 0.4

Nonprompt leptons normalization 1.9

Lepton efficiencies 2.1

b-tagging (b/c) 0.4

b-tagging (light) 1.0

Jet energy scale and resolution 2.3

Pileup 0.4

Simulation and data control regions sample size 1.0

Total experimental systematic uncertainty 4.6

QCD factorization and renormalization scales 0.4

Higher-order QCD corrections and pWW

T
distribution 1.4

PDFs 0.4

Underlying event modeling 0.5

Total theoretical systematic uncertainty 1.6

Luminosity 2.7

Total uncertainty 5.7

Theoretical Uncertainties

Total cross section:  

σ = 117.6 ± 1.4 (stat) ± 5.5 (syst) ± 
1.9 (theo) ± 3.2 (lumi) pb 

σNNLO = 118.7 + 3.0 -2.6 pb
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Precision Physics with Multibosons (W+W-)
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• W±W∓ →e±νμ∓ν decay studied, with jet vet, includes b-veto


• Fiducial cross section computed (definition on slide 19)
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<latexit sha1_base64="pgPG2EhBUz9JX9i6jRLjMdDclRs="></latexit>

Sensitive to spin structure of eμ pairs
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Systematic Uncertainties

Uncertainty source Uncertainty [%]

Electron 0.7

Muon 0.9

Jets 3.0

b-tagging 3.4

Emiss,track

T
0.4

Pile-up 1.6

W+jets background modelling 3.1

Top-quark background modelling 2.6

Other background modelling 1.3

Unfolding, incl. signal MC stat. uncertainty 1.4

PDF+scale 0.1

Systematic uncertainty 6.7

Statistical uncertainty 1.3

Luminosity uncertainty 2.1

Total uncertainty 7.1

Total cross section:  

σfid = 379.1 ± 5.0 (stat) ± 25.4 (syst) 
± 8.0 (lumi) fb 

Systematic uncertainties associated with fiducial cross 
section:

200 250 300 350 400
Integrated fiducial cross-section [fb]

Data 2015+2016
 27 (syst.) fb± 5 (stat.) ±379 

 WW)→MATRIX NNLO (incl LO gg 
 20 (scale) fb± 4 (PDF) ±357 

 WW→MATRIX NNLO + NLO gg 
 20 (scale) fb± 4 (PDF) ±368 

 NLO EW⊗(MATRIX NNLO + NLO gg) 
 19 (scale) fb± 4 (PDF) ±347 

ATLAS
ν

±

µν± e→pp  -1 = 13 TeV, 36.1 fbs
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Differential cross sections
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Fiducial cross section computed in:

m(ll) > 20 GeV, pT(ll) > 30 GeV and  
pT(miss) > 20 GeV

High m(ll) sensitive 
to contributions 
from higher order 
operators0 jet category

Fiducial selection requirements

p`T > 27 GeV
|⌘` | < 2.5
meµ > 55 GeV
peµT > 30 GeV

Emiss
T > 20 GeV

No jets with pT > 35 GeV, |⌘ | < 4.5
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EFT Interpretation
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OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]
<latexit sha1_base64="kr+G36nw0jLys7wwQ7EkYe2Ngys="></latexit><latexit sha1_base64="kr+G36nw0jLys7wwQ7EkYe2Ngys="></latexit><latexit sha1_base64="kr+G36nw0jLys7wwQ7EkYe2Ngys="></latexit>

• Limits set on Wilson coefficients associated with CP 
conserving operators:  

OW = (Dµ�)
†Wµ⌫(D⌫�)

<latexit sha1_base64="5kR63N85lWflcAdtUlehqiY3jqQ="></latexit><latexit sha1_base64="5kR63N85lWflcAdtUlehqiY3jqQ="></latexit><latexit sha1_base64="5kR63N85lWflcAdtUlehqiY3jqQ="></latexit>

OB = (Dµ�)
†Bµ⌫(D⌫�)

<latexit sha1_base64="+uHk+5W+o0jCR2RaqWx8MVP+VTc="></latexit><latexit sha1_base64="+uHk+5W+o0jCR2RaqWx8MVP+VTc="></latexit><latexit sha1_base64="+uHk+5W+o0jCR2RaqWx8MVP+VTc="></latexit>

Parameter Observed 95% CL [TeV
�2

] Expected 95% CL [TeV
�2

]

cWWW/⇤2
[ �3.4 , 3.3 ] [ �3.0 , 3.0 ]

cW/⇤2
[ �7.4 , 4.1 ] [ �6.4 , 5.1 ]

cB/⇤2
[ �21 , 18 ] [ �18 , 17 ]

cW̃WW/⇤
2

[ �1.6 , 1.6 ] [ �1.5 , 1.5 ]

cW̃/⇤2
[ �76 , 76 ] [ �91 , 91 ]

ATLAS

CP conserving

CP non-conserving

Coefficients 68% CL interval 95% CL interval
( TeV�2) expected observed expected observed

cWWW/L2 [�1.78, 1.82] [�0.93, 0.99] [�2.67, 2.71] [�1.78, 1.84]
cW/L2 [�3.67, 2.68] [�2.03, 1.33] [�5.28, 4.22] [�3.56, 2.78]
cB/L2 [�9.45, 8.40] [�5.14, 4.30] [�13.9, 12.8] [�9.35, 8.46]

CMS

0 jet category
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EFT Interpretation
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OWWW = Tr[Wµ⌫W
⌫⇢Wµ

⇢ ]
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• Limits set on Wilson coefficients associated with CP 
conserving operators:  

OW = (Dµ�)
†Wµ⌫(D⌫�)
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OB = (Dµ�)
†Bµ⌫(D⌫�)
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Parameter Observed 95% CL [TeV
�2

] Expected 95% CL [TeV
�2

]

cWWW/⇤2
[ �3.4 , 3.3 ] [ �3.0 , 3.0 ]

cW/⇤2
[ �7.4 , 4.1 ] [ �6.4 , 5.1 ]

cB/⇤2
[ �21 , 18 ] [ �18 , 17 ]

cW̃WW/⇤
2

[ �1.6 , 1.6 ] [ �1.5 , 1.5 ]

cW̃/⇤2
[ �76 , 76 ] [ �91 , 91 ]

ATLAS

CP conserving

CP non-conserving

0 jet category


